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Introduction
Electrografting of diazonium salts is now a well-established method, which provides very easily polyaryl layers covalently bound [8] [9] [10] to carbon, various metals, semiconductors, inorganic materials and polymers. For example the binding energy on gold has been calculated as 24 kcal.mol -1 and 70 kcal.mol -1 on Si(111)-H [11] . The formation of a polyphenylene (PP) layer takes place by electrochemical reduction of benzenediazonium tetrafluoroborate (BD) through the transfer of one electron leading to the formation of a phenyl radical that subsequently attacks the electrode surface and then the first grafted layer.
This leads to the formation of conjugated but absolutely disordered polyphenylene layers. [12] This is a major difference with Self Assembled Monolayers (SAMs) of thiol on gold that provide less strongly bound but well-organized monolayers [13] .
On the other hand, π−conjugated polymers have been widely investigated both because of their interesting structure and because of their potential applications in molecular electronics and light-emitting devices [14] [15] [16] [17] . Among these conjugated polymers (polythiophenes, polyphenylenevinylenes, polyaniline….) [18] , poly(para-phenylene) (PPP) is particularly interesting [19, 20] , for its high electrical conductivity when doped [21] , its blue light emission [22] [23] [24] [25] [26] , its thermal stability [27] , its mechanical properties [28] . PPP is an excellent candidate for many optoelectronics applications in light-emitting diodes (LEDs) [14] , field-effect transistors [29] , or photovoltaic cells [30] . The synthesis of PPP has been reviewed [19] , and different routes have been proposed, including: i) the polymerization of benzene by a catalystoxidant system (Kovacic's method), ii) catalytic and thermal aromatization of poly (1,3- cyclohexadienes) iii) Suzuki coupling reactions [20, 31] , but iv) also copper catalyzed polymerization of diiodobenzene [32] and v) anodic electropolymerization [19, 33] . On the whole, this polymer is difficult to process mostly when unsubstituted [19] . In this connection, the anodic electropolymerization of benzene or biphenyl to PPP is a particularly efficient synthetic method for the formation of PPP films directly on a substrate in a one-step reaction [33] . However, the electrochemical oxidation of benzene or biphenyl still remains a quite challenging process as water and nucleophiles must be absolutely excluded, leading to the use of concentrated sulfuric acid [34] , perchloric acid [35] , liquid SO 2 [36] or very dry organic solvents such as dichloromethane [37, 38] . In this context, room-temperature ionic liquids have been highlighted as promising media for the electropolymerization to conducting polymers [33, 39] . The ionic liquids that are room temperature liquid salts exhibit various physical and chemical properties [33, 40] . They are entirely composed of ions, and mostly of organic cations, allowing the quasi unlimited tuning of their structures. As such, they are ideal materials for applications that can take advantage of their ionic conductivity [41] . They have been shown to be valuable alternative media for growing PPP by electrochemical oxidation.
Indeed, Endres et al. [42, 43] , and Ivaska et al. [44] , successfully used imidazolium-based ionic liquids to produce PPP onto platinum or gold electrodes. For instance, by using the 1-hexyl-3-methylimidazolium tris(pentafluorethyl)trifluorophosphate ionic liquid as electrolyte, in a glove box, a thick PPP film was deposited at a Pt substrate from the electrochemical oxidation of benzene [42] . The resulting PPP film was highly regular with a conjugation length ranging between 19 and 21 [43] . However, the electrosynthesized PPP film is not covalently bound to the substrate. Actually, the electropolymerization method has been often compared to the electrodeposition of metals because the organic films are physically adsorbed on substrate surface instead being bound to the electrode surface [33] . In sharp contrast, the covalent bonding of the films onto the surface allows reaching the desirable control of the substrate/PPP film interface, leading to strong and long-term adhesion of the polymer layers on the substrate and giving a remarkable chemical stability of the materials.
Based on the combined use of two well-recognized electrochemical techniques for surface 6 ] to obtain a regular PPP film bound to the surface. A similar strategy in aqueous H 2 SO 4 has been described to deposite polyaniline on a polyaryl layer obtained by reduction of a diazonium salt at a carbon surface [45] . Although the sublayer displayed electron transfer blocking properties towards hydroxymethylferrocene, the modified surface permitted the further electrochemical formation of polyaniline and the resulting material exhibited higher chemical stability and higher resistance to ultrasonic treatment [45] . In this work, a specific attention was paid on the characterization i) of the films structure for showing the regular substitution of the polymer chains on the one hand and ii) of the substrate/films interface for evidencing the covalent bonding on the other hand. Thus the formation of regular poly(para-phenylene) film (PPP) (vs of that of disordered polyphenylene (PP)) was followed through their IR fingerprints in the out-of-plane region that is characteristic of the aromatic substitution and the key role of the ionic liquid in the structuration of the electrochemically synthesized material was emphasized.
A careful analysis of the modified substrates using ToF-SIMS spectroscopy was undertaken to clearly evidence the binding of PPP to gold substrate. The preparation of PPP films directly attached by a covalent bond to a metallic substrate can be of interest in many applications, in particular when there must be an electrical contact between the film and an electrode. 
Instrumentation
Electrochemical experiments were performed with an EG&G 263A
potentiostat/galvanostat and an Echem 4.30 version software. The counter electrode was a platinum foil in both ACN and ionic liquid; the reference electrode was an Ag/AgCl reference in ACN while a platinum wire was used as a quasi-reference in the ionic liquid.
IR spectra of modified plates were recorded using a purged (low CO 2 , dry air) Jasco To record the fluorescence image, the modified gold plate was monitored by an inverted fluorescence microscopic system (IX-71, Olympus) equipped with a spectral filters, 410-490 nm and a 100W mercury lamp. A camera CCD 1388x1038 pixels Pike (RD Vision) was mounted on the microscope and Hiris software (RD Vision) was used for camera control and image processing. The image was obtained from a two-pot sample ToF-SIMS analyses were obtained with an ION-TOF IV with Au + primary ions at 25 keV, the analyzed zone was 150 µm 2 and the acquisition time 75 s. Blank samples were analyzed in the same run as the modified samples. The peak intensity refers to the area of the peak normalized to the total intensity of the spectrum. The image was obtained with Au 3 + ions for 100 scans (~ 40 min).
Results and Discussion
Electropolymerization of biphenyl to PPP in the ionic liquid
As a preliminary experiment, a PPP film was prepared by oxidation of biphenyl (à. poorly adherent to the surface as already described in the literature [33, 43] . Figure 1 (right, bottom) shows the IRRAS spectrum of the film. It is fully similar to that described in the literature for a regular PPP [43] . The out of the plane vibrations of the aromatic hydrogens are characteristic of the substitution of the aromatic ring [48] and a thorough analysis of these vibration band allow to assess the formation of regular PPP material in contrast to disordered PP. PPP can be then characterized through the ring vibrations bands at 1482 and 1398 cm -1 and by the following bands: 1001 cm -1 (in plane aromatic C-H vibration), 812 cm -1 (out of plane aromatic C-H vibration for 1,4-disubstituted benzene), 763 cm -1 (out of plane aromatic C-H vibration for monosubstituted benzene), 696 cm -1 (ring distortion deformation of monosubstituted benzene) [19] . On the contrary, disordered PP can be distinguished through the appearance of multiple bands in the 800 and 1000 cm -1 region [38, 49, 12] . 
Electrochemical reduction of BD leading to disordered PP films.
To validate our two-step strategy, three gold wafers were modified by the electrochemical showing the disordered structure of the PP layers whatever the solvent used to carry out the electrochemical reduction of diazonium salts, including ionic liquids (Scheme 2). Such a disordered structure of PP layers has been already observed on many occasions. For instance, on a Fe surface a thick layer of PP is obtained by reduction of BD in ACN [12] . The reduction of p-butylbenzenediazonium bis(trifluoromethanesulfonyl)imide has been performed on carbon [50] ; the surface presents a band at 824 cm -1 in the out of plane region, but other bands in the same region are not observed due to the low intensity of the spectrum on carbon. In the other studies concerning the reduction of diazonium salts in ionic liquid, the IR spectra in the out-of plane region are not reported [51] [52] [53] .This is clearly the result of the uncontrolled growth of the layers due to highly reactive radicals. 
Preparation of films onto gold substrates by combining the electrochemical reduction of benzenediazonium salts and anodic electropolymerisation of biphenyl.
In a first series of experiments, the reduction of the diazonium salt and the oxidation of 
Spectroscopic characterizations of the films obtained through the elctropolymerization of biphenyl on the grafted surface. Evidencing the formation of regular PPP films.
The one-pot and two-pot films were first characterized using IR spectroscopy (Figure 4 ). For both of them, the bands of the IRRAS spectrum can be interpreted as characteristic of a poly(para-phenylene) film by reference to literature data [19] : 1482 and 1398 cm The number of phenyl repeat units can be calculated from the thickness of the layer. Jiang et al. have examined by DFT calculations the phenyl groups attached to gold surface through the reduction of diazonium salts [11] . They have shown that the phenyl groups are tilted by 38° with respect to the surface normal and the length of a phenyl repeat unit is ~ 0.54 nm.
Therefore, a film of linear PPP chains with a thickness of 15.6 nm (two-pot method)
(including the thickness of the primer layer) is equivalent to approximately 36 phenyl groups.
The same calculation applied to the 31.0 nm film would correspond to ~ 72 phenyl groups (one-pot method). On the whole, the values for the number of repeat units are consistent with those reported for electrochemically-grown PPP films [36, 43] .
Remarkably, the gold plates modified with the combined strategy, electrochemical reduction of benzenediazonium salts/oxidative polymerization of biphenyl in [BMIm] [PF 6 ], also present a nice blue fluorescence as expected for poly(para-phenylene) (λ max = 363 nm for a polyphenylene dendrimer [54] ) ( Figure 6 ). This analysis strengthens the idea that ordered PPP films are formed on the surface. While a detailed analysis of the luminescence properties of the resulting film is beyond the scope of this paper, this result deserves being mentioned since the blue light emission is a prerequisite for considering any potential applications in optoelectronics. 
Electropolymerization of biphenyl on the grafted surface in [BMIm][PF 6 ] ionic liquid to form regular PPP films. Importance of the nature of the ionic liquid
The different analyses made on the one-pot or two-pot procedure point to the formation of highly regular polyphenylene films mainly constituted of para-substitution. In the first step of the presented strategy, the BD leads through a one electron concerted reduction to a phenyl radical that binds to the substrate to form a very thin PP layer (equivalent to less than 4 phenyl repeat units) attached to the substrate [3, 55] . It has been shown that such thin layers could remain conductive enough [6] to be further derivatized [5] , allowing the electropolymerization to be achieved onto these modified surfaces. Since the structure of the polyphenylene film grown in conventional electrolytes (ACN + NBu 4 BF 4 as supporting salt or
is, as shown at the beginning of this paper, highly disordered with several types of substitution and cross-linking, it is clear that the consecutive electropolymerization step is essential to build the regular PPP on the surface, previously modified with a TL layer as thin as possible. In the electrooxidative growth of the layer, the ionic liquid has a dramatic influence on the structure of the polyphenylene layers. Mechanistic studies of the electropolymerization process in ionic liquids showed that the critical steps of the process are identical to those observed in conventional media [56] : it is known that mainly radical cation-radical cation coupling takes place during the electrooxidative polymerization process to form longer oligomers [57] . Obviously, the large availability of the counter ion in the ionic liquid is a favorable parameter with respect to this synthetic route and this probably plays a role in stabilizing the produced radical cations intermediates. The ionic liquids are, in principle, media with low nucleophilicity and are free from molecular solvent. Thus one can prevent side reactions of a solvent molecule with the moderately stable radical cation generated during the electrochemical process; yielding better structured polymers. However, the nature of ionic liquid is of importance and a careful choice of the anion/cation combination has to be made. [58] . Accordingly, it can be noted that the tris(pentafluorethyl)trifluorophosphate anion that composed the ionic liquid used by Endres and co-workers to form regular PPP layers has also very low Lewis basicity [42, 43] . The nucleophilic properties of NTf 2 anion have negative effect on the polymerization process, being responsible, at least partially, for the formation of disordered polyphenylene layers. Another point that can be invoked to rationalize the beneficial effect of the ionic liquid in this process is the possible stabilization of the π-segments along the polymer chain due to some interactions with the imidazolium cations, thus improving the electronic properties and the stability of the polymer as suggested
by Endres et al. in a recent work [59] .
Evidencing the binding of the PPP layer to the gold substrate.
Having demonstrated the presence of regular PPP on the surface, the last point to be addressed is the binding of the PPP layer to gold. As a first qualitative indication, after the initial 6 min-rinsing under sonication, three further rinsing under the same conditions do not show any modification of the IRRAS spectrum, namely no decrease in the absorption band intensities, suggesting that the layer is strongly bound to the metal surface. After this ultrasonic rinsing in acetone, the gold plate is extracted for 3 hours in boiling toluene. Despite this harsh treatment, the IRRAS spectrum is moderately affected. For instance, the characteristic and more intense 812 cm -1 band shows a decrease in intensity by less than 25 % (Figure 7 ). 
Conclusions
As a conclusion, this paper describes the preparation of highly regular poly(para-phenylene) covalently bonded to gold layers with thicknesses in the 10-100 nm range. The resulting material shows higher resistance toward aggressive treatments (extensive ultrasonic rinsing, soxhlet extraction in boiling toluene) than the PPP films simply deposited onto surface by electropolymerization technique (that delaminate upon rinsing with acetone). Moreover, it is worth outlining that the approach described here is easy to operate since it does not require performing the electrochemical polymerization in a glove box and since [BMIm] [PF 6 ] is a commonly-used ionic liquid. This strategy may be advantageous for manufacturing devices using PPP, requiring the wiring of the layers to the substrate. This method could be applied to different substrates including carbon, platinum, ITO… As it involves an oxidation, the substrate must resist at quite positive potentials. It would be interesting to carry out the strategy on more common and cheaper substrates; experiments are under course to test the approach on substrates such as stainless steel and silicon under ultra dry conditions [60] .
